SUMMARY A method for the detection and quantification of left-to-right intracardiac shunts is described which utilizes a single breath inhalation of oxygen-15 labeled carbon dioxide (C"0,). The inhaled gas rapidly crosses the alveolar membrane and the oxygen-15 label is exchanged through the carbonate cycle to form oxygen-15 labeled water within the pulmonary capillary blood. Pulmonary indicator clearance curves are measured by external scintillation probes. A simplified method of shunt flow quantification was developed from indicator dilution principles and used for the analysis of the clearance curves. Inhalation studies were performed with 62 children on the day prior to NUCLEAR MEDICAL TECHNIQUES are now widely utilized to assist in the diagnosis and evaluation of many cardiac abnormalities.1-2 The diagnostic information is usually derived from quantitative radionuclide angiocardiography, performed with the aid of a scintillation camera-computer system following injection of a bolus of radioactive material into a peripheral vein. Because it is minimally invasive, this procedure has found wide acceptance in the study of congenital heart disease in children, and has been successfully employed for the detection and quantification of left-to-right intracardiac shunts.'3 l1 The camera-computer system is used to obtain a recording (activity versus time) of the initial passage of radionuclide indicator through the lungs. Left-toright shunt flow can then be inferred from early recirculation of indicator through the shunt pathway. The accuracy of the technique, however, depends critically on the delivery of a compact bolus, and in order to obtain this, it may be necessary to sedate the child as well as inject into the external jugular vein.
NUCLEAR MEDICAL TECHNIQUES are now widely utilized to assist in the diagnosis and evaluation of many cardiac abnormalities.1-2 The diagnostic information is usually derived from quantitative radionuclide angiocardiography, performed with the aid of a scintillation camera-computer system following injection of a bolus of radioactive material into a peripheral vein. Because it is minimally invasive, this procedure has found wide acceptance in the study of congenital heart disease in children, and has been successfully employed for the detection and quantification of left-to-right intracardiac shunts.'3 l1 The camera-computer system is used to obtain a recording (activity versus time) of the initial passage of radionuclide indicator through the lungs. Left-toright shunt flow can then be inferred from early recirculation of indicator through the shunt pathway. The accuracy of the technique, however, depends critically on the delivery of a compact bolus, and in order to obtain this, it may be necessary to sedate the child as well as inject into the external jugular vein.
This report describes a totally noninvasive method for detection and quantification of left-to-right shunts which utilizes a single breath inhalation of radioactive oxygen-15 labeled carbon dioxide (C'502), with measurement of activity versus time curves over the heart and lungs. Because the tracer is introduced at the pulmonary venous level, shunt detection is more reliable and quantification is simplified.
Methods
Sixty-two children were studied in the unsedated state by the C160, inhalation method on the day prior to cardiac catheterization. Informed consent was obtained. The ages of cardiac catheterization. The presence or absence of left-to-right shunt was confirmed by contrast angiography in all cases.
Twenty-six children were found to have no shunts by C"02 inhalation, oximetry or angiography. Of the 36 with shunts, 34 were detected by C"02. Two of these were designated as equivocal because they were considered to be less than the threshold of definitive detection by C"02 (having Qp/Qs less than 1.2); 32 were positive and there were two false negatives with small ventricular septal defects. There were no false positives by C"02. The correlation coefficient between C1502 and oximetry values of shunt flow for those patients with proven shunts was 0.82. the children ranged from 18 months to 16 years with modal age of 4 and median age of 6 years.
Radioactive C'502 was prepared in an accelerator as previously described.'7 1 Patients were placed supine and two collimated 1" thick X 1 1/2' diameter sodium iodide detectors were positioned, one over the heart and one over the right lung as indicated in figure 1. Patients were instructed to breathe normally from a spirometer. Labeled C1'02 (half-life 124 seconds) in a volume of 5 to 10 cc and in a dosage of 60 ,Ci/kg was delivered into the spirometer mouthpiece at end tidal volume and inhaled with a tidal volume inspiratory effort. Patients who could do so were asked to hold their breath for ten seconds. The outputs from the detector ratemeters were recorded by a cathode ray tube on a photosensitive strip chart simultaneously with the ECG and spirometer tracings as indicated in figure 2 . The ratemeter time constants were 0.06 sec and 0.3 sec for the heart and lung probes respectively. The maximum counting rates were in the range of 30,000 cps which was well within the range of linearity for the electronic system. The amplitudes of the lung curve were measured at times corresponding to equivalent points on each cardiac cycle. Cardiac cycles were used in place of real time so that the normal lung clearance curve would not be distorted by time interval variations between successive heart beats. Typical curves obtained from a study indicating a moderate shunt are shown in figure 3 . The amplitudes of the lung clearance curves were then plotted on semilogarithmic paper as indicated in figure 4 , which illustrates the analysis of the study shown in figure 3 . The initial clearance phase of the curve was extrapolated as a straight line on the semilog plot. A left-to-right shunt was indicated if the actual curve broke from the extrapolated downslope within two to four heartbeats. The appearance time, t, (in heart beats), of the first shunt recirculation following the peak of the primary circulation was then noted in order to estimate the appearance time, t2, of the second shunt recirculation which should occur an equal time later. The peak amplitude (h) of the first shunt recirculation occurred within this time interval between t1 and t2 as illustrated in figure 4 . The arrival time of the second recirculation must be determined as described above because it usually cannot be located by visual inspection. In this way the measurement of h excludes the effects of multiple recirculation. The shunt fraction, f, which is shunt flow expressed as percent of total pulmonary blood flow, was calculated according to the formula f = e H X 100 H which is derived in Appendix I. The shunt fraction may be expressed as pulmonary systemic flow ratio by:
The studies were classified as negative for left-to-right shunt when no break from a straight line on the semi-log plots could be observed visually. When a measurable break was observed, the study was classified as positive if the quantitative analysis indicated a shunt flow of more than 20% of total pulmonary blood flow. Studies were classified as equivocal when shunt flow of less than 20% was indicated. We have observed that deviations in the lung clearance curve can occasionally be caused by unnoticed movements of the patient, forced breathing or Valsalva maneuvers. The maximum observed magnitude of such extraneous perturbations was approximately equal to that which could be caused by a 10% shunt. We therefore adopted 20% (or a Qp/Qs ratio of 1.2) as a threshold for positive shunt detection by this test in order to minimize the possibility of false positive results which could potentially label a child as having a small shunt.
Cardiac catheterization was performed using standard procedures. The children were premedicated with demerol 1.5 mg/kg, thorazine 0.5 mg/kg, and phenergan 0.5 mg/kg. Left-to-right shunt flow was calculated using oxygen saturation values of at least two paired samples from the superior vena cava and pulmonary artery. Oxygen saturation was determined by an American Optical Micro-oximeter.
Indicator dilution studies using indocyanine green dye were performed on 12 patients and were analyzed using the method of Carter et al.20 Analysis of the C'502 curves was defect). A negative C'102 study in such a case could defer a cardiac catheterization procedure. Serial measurements of ventricular left-to-right shunts during infancy and childhood could decrease the number of cardiac catheterization procedures to which a child is subjected. Additionally, the C1O2 method could be used postoperatively to detect residual leftto-right shunts, as well as to establish the patency of a pulmonary-to-systemic anastomosis. The basic methods described here have also been applied to an adult population by Boucher et al.28 with very similar results. The principle of using a gaseous radionuclide to "inject" an indicator through the pulmonary venous bed into the left heart in a totally noninvasive manner will hopefully justify continued research and development on other gases or inexpensive production facilities which could make the technique more widely available.
The conventional radionuclide method and the Cl"02 method of shunt determination both employ curves obtained from the pulmonary circulation. There are, however, fundamental reasons which simplify and inherently improve the quantification of shunts with C1l02. The accuracy of shunt calculation depends upon the accuracy of the separation of the primary and first recirculation components of the sampled indicator dilution curves. With C1502, the indicator is introduced directly into the pulmonary blood and consequently the initial pulmonary clearance is a simple exponential washout which can be easily defined as a straight line when plotted on semi-logarithmic paper, even (1) and (2) on this graph correspond respectively to patients 14 and 31. These were reported in the study as equivocal with shunts ofless than 20%. The point indicated by (3) was patient 11. Both points (2) and (3) 
